Techniques recently developed in paleohydrology enable the estimation of discharges and dates of occurrence of flood events which occurred thousands of years ago. We use computer simulation to assess whether a single paleoflood estimate, when included in a single-site or regional flood frequency analysis procedure, gives a worthwhile increase in the accuracy of estimates of extreme floods. We find that the main factors affecting the utility of this kind of paleological information are the specification of the fitted flood frequency distribution (whether it has two or three unknown parameters) and the size of the measurement error of paleodischarge estimates. Errors in estimating the date of the paleoflood are of minor importance. We conclude that paleological information is most useful when estimating a threeparameter flood frequency distribution for a single site possessing only a short gauged record. When several independent and homogeneous gauged records from different sites are used in a regional flood frequency analysis, the value of paleological information is, within the limits of this study, negligible.
INTRODUCTION
A common problem in flood frequency analysis is estimation, from a streamflow record, of the flood corresponding to a return period of 50-1000 years. The gauged record is rarely long enough to yield an estimate of such an extreme flood which is accurate enough to be useful, and so there is One would expect that an estimate of the paleological maximum flood event, i.e., the largest flood in a period of perhaps 1000-10000 years, would, i.f properly included in the estimation procedure, improve the accuracy of the resulting estimate of the flood magnitude. at whatever return period is of int'erest. The utility of paleohydrology to flood frequency ana!ysis depends on whethelt it enables a worthwhile improvement 'in flood estimates to be obtained, but little work has been done on how big an improvement might be expected.
•e attempt such an assessment using computer simulation. The value of paleological information depends on a large number of factors relating to the quantity and nature of the data and the methods of data analysis; these factors are discussed in the next section. Our results indicate that the benefits obtained from the use of a single paleoflood estimate are very dependent on the quantity of information present in the gauged record. Consider for example the root mean square error (RMSE) of the estimated 100-year flood. This quantity may be more than halved by the addition of an accurate estimate of the 10000-year maximum event to a gauged record of length 10 years; however, if data are available for a reasonably homogeneous regional data base of 390 station years of annual flood data (as in Table 4 ), then the addition of a realistic quantity of paleological information has a negligible effect on the accuracy of the estimated 100-year flood.
FACTORS AFFECTING THE UTILITY OF PALEOLOGICAL INFORMATION
The utility of paleological information to flood frequency analysis is affected by a number of factors, which we now discuss. In sections 2.1, 2.2, 2.3, 2.4, 2.8, 2.10, 2.11, 2.12, and 2.13 are factors whose effects were varied, to however small an extent, in our computer simulations.
2.1. Nature of fiood frequency distribution. For estimation of the extreme upper quantiles of a probability distribution, the important features of the distribution are those which reflect its upper tail shape: coefficient of variation (CV), skewness, kurtosis, and "heavy tailedness," however measured. In our simulations we used extreme value distributions of types 1 and 2 (EV1 and EV2) considered as the special case k = 0 and k < 0 of the generalized extreme value (GEV) distribution [Jenkinson, 1955] Extreme value distributions are widely regarded as floodlike [Gumbel, 1958 ' NERC, 1975 2.2. Length of gauged record. The shorter the gauged record, the more useful one would expect paleological information to be. We considered gauged record lengths of between 10 and 80 years to be realistic and used them in our simulations.
2.3. Number of sites in regional analysis. Paleological information can be included in regional flood frequency analysis even if, as is likely, paleological data are available only at a few sites. Most of our regional simulations used a region of two sites with an estimated paleoflood event at one site only. We also performed some analyses for a 20-site region with paleological data at three sites. We expect that qualitatively similar results would be obtained for regions of other sizes. It is clear that the more independent and homogeneous sites there are in a region, the less is the advantage that can be expected from the inclusion of a paleoflood estimate in the analysis.
2.4. Heterogeneity of sites in regional analysis. Regional flood frequency analysis assumes that the sites in a region are homogeneous, i.e., that they have identical flood frequency distributions after appropriate scaling or transformation, but is robust in that even with slight heterogeneity in a region, more accurate estimates of the quantiles of the flood frequency distribution can be obtained by regional analysis than by separate single-site analyses. The effect of heterogeneity in the presence of paleological information is not clear a priori and may depend on whether the sites at which paleoflood estimates are available are typical of the region as a whole. In our simulations we investigated the effect of heterogeneity by varying the parameters of the GEV flood frequency distribution between the sites in a region.
2.5. Correlation within and between annual flood series.
The effect of correlation is to reduce the amount of information contained in the gauged record and thus to enhance the value of paleological information. Specification of realistic correlation structures, particularly for between-site correlation, is difficult, so we did not include correlated series in our simulations. Our simulation results may nevertheless be applied to the real world by considering a correlated data set to be equivalent to some smaller set of independent data. In our simulations we assumed that the available paleological information was an estimate of the largest flood in a period of 1000-10000 years. Although as remarked above there are circumstances in which estimates of several large floods may be available, our chosen specification avoids the complexitie• of multivariate error specification which would arise with multiple flood estimates and gives us a minimal but not unreasonable quantity of paleological information.
2.8. Measurement error of paleological data. Errors in paleological data of course diminish the utility of the data, and it is inevitable that paleological data will suffer from larger errors than will gauged data. Two kinds of error are possible in a paleoflood estimate, since both the magnitude and historic period of the flood event must be estimated. The two kinds of error are not of equal importance, however. Suppose for example that the flood frequency distribution is extreme value type 1 with coefficient of variation 0.4 and that the paleoflood has a return period of 10,000 years (see Figure  1) . Then changing the return period of the flood by + 50% or -33%, to 15,000 or 6667 years, alters the flood magnitude by only + 3.4%. For distributions with higher CV this difference between the effects of the two kinds of error is smaller but still strikingly large. These results strongly suggest that errors in estimating the flood magnitude are much more important than errors in estimating the historic period. A few trial simulations confirmed this conjecture. We therefore included in our main simulations only the former kind of error. In our simulations we did not explicitly include any effects attributable to nonstationarity, but it would be reasonable to think of nonstationarity as an additional and perhaps very important source of measurement error in paleological data.
2.10. Choice of fitted flood frequency distribution. Most regional and single-site flood frequency analysis procedures involve fitting a probability distribution to the observed data, the distribution being usually fixed in advance apart from two or more unknown parameters. The most important features of a distribution for flood frequency applications are the number of parameters which must be estimated, whether the moments of the distribution cover the range of values which is feasible for the population flood frequency distributions from which the data might be generated, and whether the fitted distribution is sufficiently flexible to mimic the shape of the upper tail of the population distribution. In our simulations we used a limited range of distributions' EV1 (two free parameters) and GEV (three free parameters). We did not attempt to consider the infinite choice of possibilities which arises from permitting the parent and fitted distributions to have different functional forms. This method is statistically optimal when long gauged records are available and for many distributions, including the EV1, is competitive even when gauged records are short. It also has the advantage of being able to incorporate paleological information in a straightforward and logical manner. However, when fitting the three-parameter GEV distribution to data sets with no paleological data, we used the method of probability weighted moments (PWM) [ Hosking et al., 1985a, b] , since this yields more accurate quantile estimates in small and moderate samples than does the method of maximum likelihood. We have not yet found a generally reliable method of incorporating paleological information into the PWM method.
Method of fitting
2.12. Choice of quantile to be estimated. Flood estimates are often required for floods of return period 50-1000 years. As the return period increases, the gauged record becomes less able to determine accurately the corresponding quantile of the flood frequency distribution, and one would expect the extra information obtained from an estimated paleoflood to be increasingly valuable. In our simulations we calculated flood estimates for return periods of 50, 100, 500, and 1000 years, i.e., the 0.98, 0.99, 0.998, and 0.999 quantiles of the flood frequency distribution.
2.13. Criteria for assessing the accuracy of estimated quantlies. We compared quantile estimators in terms of their bias and RMSE. Although other measures of accuracy (e.g., measures giving differing weights to errors of overdesign and underdesign) may be preferred in particular applications, bias and RMSE seem the most generally useful criteria.
SIMULATION PROCEDURE
The simulation procedure is described first for a single-site analysis incorporating a paleological maximum event of known historic period m years, whose magnitude is subject to measurement error.
1. Generate a gauged record x•,.'., )c n of independent random variates from a GEV distribution, defined by (1), with parameters chosen to give specified values of CV and skewness. In the simulations which produced Figure 2 it was assumed that the flood magnitude of the paleological maximum event was measured without error. It is more realistic to suppose that paleofiood discharges are measured less accurately than is the gauged record, so Figure 3 illustrates the effect of introducing a random multiplicative error into the measured paleoflood magnitude. Results are presented for m= 10,000, T-100, and n-10, 40. Results for m-1000 and T-50, 500, 1000 are similar. We see that if the measurement error of paleoflood magnitude exceeds _+ 23% for n = 10 or _+ 15% for n--40, then the accuracy of the quantile estimate is actually reduced by the inclusion of the paleological maximum event. That adding information, even unreliable information, to a data set can reduce the accuracy of inferences drawn from the data may seem surprising at first sight. This effect is a consequence of not taking the unreliability of the paleological data into account in the data analysis. As remarked previously, this is what is likely to occur in practice. Because errors of _+ 23% are much less than one would expect from current paleohydrological techniques, there seems to be no advantage to be gained from inclusion of a single paleoflood estimate in flood frequency analysis for a single site whose flood frequency distribution is known, or confidently believed, to be EV1. 4.2. Sin•Ile-site analysis, fitted distribution GEV. We repeated the simulations of section 4.1 but used the three parameter GEV distribution rather than the two parameter EV1 distribution to fit the data. The parent distribution was still EV1 with C¾ = 0.40' this distribution is of course also a spe- tained from regionalization. Our simulations were for the simplest case of a region with two sites ("site 1" and "site 2") and a paleological maximum event of known historic period rn years observed at site 1 only. We believe that qualitatively similar results are valid for larger regions. First, we suppose that both sites in the region have identical EV1 flood frequency distributions with CVs of 0.4 and that the fitted regional distribution is also EV1. The accuracy of Q•00 at each site for different combinations of gauged record lengths and return period of the paleological maximum event is given in Table 1 . The paleological maximum event is assumed to be measured without error. For site 1, at which the paleological maximum event is observed, the RMSE of (•00 is reduced by a similar proportion to that of the single-site case. However, inclusion of the paleological maximum event for site 1 yields no reduction in the RMSE of extreme flood estimates at site 2.
Generate a paleological maximum event of historic
Our other simulation results for fitting a regional EV1 distribution are not given in detail. They confirm the two main conclusions which may be drawn from Table 1 4.4 Regional analysis, fitted distribution GEV. For a regional analysis, as for a single-site analysis, paleological information is much more valuable when the flood frequency distribution being fitted has three rather than two undetermined parameters. Tables 1 and 2 are that all quantile estimates have higher RMSEs when the fitted distribution is GEV than when it is EV1 and that when the fitted distribution is GEV the inclusion of the paleological maximum event reduces the RMSE of quantile estimates even at the site where no paleoflood event was observed. These results confirm the impression given by the single-site analyses that the main factor affecting the value of paleological information to flood frequency analysis is whether the parent flood frequency distribution may be assumed known apart from two undetermined parameters.
Our other simulation results for regional analysis with a fitted GEV distribution are summarized in Table 3 Slight heterogeneity in a region has little effect on the utility of either regionalization or paleological information. A larger amount of heterogeneity can cause large biases in extreme flood estimates. This problem is exacerbated when a paleological maximum event is used in the analysis if this event is observed at a site where the CV of the parent flood frequency distribution is high compared to other sites in the region. 4.5. Regional analysis for a large region. Finally, we consider the effect of paleological information on regional flood frequency analysis for a region whose size is more typical of hydrological practice. Imagine a data base comprising 20 catchments of different areas, and suppose that as catchment area increases, so does the mean annual flood and so does the standard deviation of the annual flood, although at a slightly lower rate (i.e., the CV of the floods declines slowly as catchment size increases). Imagine also that as catchment size increases the skewness of the annual flood distribution decreases and that the bigger the catchment, the longer the period of record. All these properties are hydrologically plausible, and from them we constructed the data base of 390 station years of data shown in Table 4 , which reproduces Table 5 of Hosking et al. [1985a] . Suppose further that estimates of the 10,000-year paleological maximum event are available at sites 1, 10, and 20 and that these estimates are subject to independent measurement errors of +50%. Regional flood frequency analysis may be carried out by two methods' the GEV/PWM regional algorithm of Hosking et al. [1985a] , ignoring the paleological information, and the regional maximum likeli- mate is subject to errors of +25% or more, then its value to flood frequency analysis is negligible. In a regional flood frequency analysis, an estimate of the paleological maximum event at one site in the region will not improve the accuracy of extreme flood estimates at other sites in the region. If the parent flood frequency distribution has three unknown parameters, then the value of paleological information is much greater. The shape of the extreme tail of a threeparameter distribution is difficult to determine at all accurately from a short gauged record, and the paleological maximum event, even if subject to large errors, can yield a worthwhile increase in accuracy. In a single-site analysis the inclusion of the estimated paleological maximum event gives a substantial reduction in the RMSE of extreme flood estimates.
The magnitude of this reduction cannot be explicitly stated since it depends on the length of the gauged record, the CV and skewness of the parent flood frequency distribution, the length of the return period of the paleological event, and the distance into the tail of the distribution of the quantile of interest (whether it is say the 100-year event or the 1000-year event). Even when the estimate of the paleological maximum event is subject to an error of + 50%, a worthwhile improvement in the accuracy of extreme flood estimates is still obtained.
In a regional analysis with a fitted GEV distribution the value of paleological information decreases as the amount of recent information (station years of gauged record) increases. In small regions with short records, inclusion of a paleological maximum event is worthwhile and yields improved flood estimates even at sites where no paleological event has been observed. However, the inclusion of a paleological maximum event does not avoid, and can exacerbate, the biases in flood estimates which arise from heterogeneity in a region. In larger regions containing, say, 20 independent and more or less homogeneous annual flood sequences the use of a realistic quantity of paleological information does not add to the benefits conveyed by regionalization.
These conclusions are subject to a number of caveats. It is possible that more paleological information may be available at a site than just one estimate of a paleological maximum event, and we emphasize that the direct application of our results is restricted to cases in which only one paleological event has been identified at a site. The effect of errors in paleological information may perhaps be set off against measurement errors in the gauged record. On the other hand, nonstationarity of annual flood sequences may cause paleological information to be even more error prone than we have assumed. We chose not to include these factors in our simulations because realistic structures for measurement error would be extremely complicated and difficult to specify. More complicated estimation algorithms might be able to extract more information from error prone paleodischarge estimates. All statistical techniques in flood frequency analysis should be robust to reasonable minor departures of the form of the parent flood frequency distribution from that assumed in the analysis-this criterion is satisfied by the GEV/PWM regional algorithm without paleological information [Hosking et al., 1985a-I, but the scope of our simulations did not enable us to check on the robustness of the maximum likelihood method which was used when paleological information was present.
Nonetheless, we are confident that our simulations have identified the major factors affecting the utility of paleological information for flood frequency analysis. In summary, the use of a paleological maximum event is likely to be worth while only when estimating a three-parameter flood frequency distribution from a short gauged record from a single site or a small number of homogeneous sites. The accumulation of as large a number as possible of more or less homogeneous and independent gauged flood records, followed by a regional analysis using an efficient and robust algorithm such as GEV/PWM, will increase the accuracy of flood estimates to a level which cannot be significantly improved by the inclusion of a small amount of paleological information. RMSE root mean square error. T return period corresponding to quantile of flood frequency distribution. 0• scale parameter of GEV distribution.
• location parameter of GEV distribution.
